GAP-43 is an abundant protein in axonal growth cones of developing and regenerating neurons. We found that GAP-43 was enriched in detergent-resistant membranes (DRMs) isolated by Triton X-100 extraction from PC12 pheochromocytoma cells and could be detected in detergent-insoluble plasma membrane remnants after extraction of cells in situ. GAP-43 is palmitoylated at Cys-3 and Cys-4. Mutation of either Cys residue prevented association with DRMs. A hybrid protein containing the first 20 amino acid residues of GAP-43 fused to ␤-galactosidase was targeted to DRMs even more efficiently than GAP-43 itself. We conclude that tandem palmitoylated Cys residues can target GAP-43 to DRMs, defining a new signal for DRM targeting. We propose that tandem or closely spaced saturated fatty acyl chains partition into domains or "rafts" in the liquid-ordered phase, or a phase with similar properties, in cell membranes. These rafts are isolated as DRMs after detergent extraction. The brain-specific heterotrimeric G protein G o , which may be regulated by GAP-43 in vitro, was also enriched in DRMs from PC12 cells. Targeting of GAP-43 to rafts may function to facilitate signaling through G o . In addition, raft association may aid in sorting of GAP-43 into axonally directed vesicles in the trans-Golgi network.
GAP-43 (neuromodulin, B-50) is very abundant in developing and regenerating neurons and is also found in some neurons in the adult brain. It has been proposed to function in neuronal plasticity and the regulation of neurotransmitter release (1) (2) (3) (4) (5) . GAP-43 binds calmodulin in low calcium and is a major substrate for protein kinase C. It has also been reported to modulate the activity of G o (the most abundant heterotrimeric G protein in growth cones) in vitro (6 -8) , although the physiological relevance of this interaction remains controversial. Other evidence suggests a role in regulating neurite extension. Although neurite extension still occurs in mice lacking GAP-43, neuronal pathfinding is abnormal (9) .
Although GAP-43 is delivered to nerve terminals by fast axonal transport in association with vesicles, it does not contain a membrane-spanning domain (10, 11) . Instead, GAP-43 binds membranes via palmitoylated Cys residues at positions 3 and 4 (12) (13) (14) . GAP-43 has been detected in the Golgi region in neurons (15) and transfected fibroblasts (16) . This pool of the protein is probably in the trans-Golgi network (TGN), 1 as its localization in transfected fibroblasts is not altered by brefeldin A (16) . Targeting of GAP-43 to the TGN probably allows the protein to "hitchhike" to nerve terminals on the cytosolic surface of transport vesicles (16) . Membrane proteins destined for axons and dendrites of neurons are probably sorted into different vesicles in the TGN, in the same way that apical and basolateral proteins are sorted in certain polarized epithelial cells (17) . GAP-43 is expressed specifically in axonal growth cones in developing neurons (18) , suggesting that it may be sorted into axonally directed vesicles in the TGN. As has been suggested (19) , dual palmitoylation may be a sorting signal for incorporation of GAP-43 into these vesicles.
Detergent-resistant membranes (DRMs) that are rich in sphingolipids and cholesterol can be isolated from lysates of most mammalian cells (20, 21) . Model membrane studies confirmed that lipids with high acyl chain melting temperatures (T m ) and a correspondingly high degree of acyl chain order are enriched in DRMs (22) (23) (24) . In fact, DRM lipids appear to be present in the liquid-ordered phase rather than the more familiar liquid-disordered phase that is common in biological membranes. These findings raise the possibility that phase separation may occur in biological membranes and that liquidordered phase "rafts" rich in sphingolipids and cholesterol may float in a phospholipid-rich liquid-disordered phase "sea" (21, 25, 26) .
A specific set of membrane proteins is enriched in DRMs (27, 28) . These are likely to be proteins with an affinity for an ordered lipid environment, and they may associate preferentially with rafts in intact membranes. Targeting of these proteins to rafts has been proposed to function in intracellular sorting (25) and cell-surface signal transduction (21) . Two signals for targeting of proteins to DRMs have been identified: glycosylphosphatidylinositol (GPI) anchors (29, 30) and an Nterminal Met-Gly-Cys motif in which Gly is myristoylated and Cys is palmitoylated (31) (32) (33) . The finding that DRMs are in the liquid-ordered phase provides a rational explanation for how these targeting signals work; both contain two closely spaced saturated acyl chains that are expected to partition favorably into the ordered environment present in liquid-ordered phase DRMs (26) .
Because GAP-43 also contains tandem saturated acyl chains, it might associate with DRMs. In this study, we show that GAP-43 is enriched in DRMs in a manner that requires both palmitate chains. A hybrid protein containing the dually palmitoylated amino-terminal 20 amino acids of GAP-43 linked to ␤-galactosidase associated with DRMs much more efficiently than GAP-43 itself. This result extends previous findings on GPI-anchored proteins (34) 35 S]cysteine probably accounted for only a small fraction of total protein labeling.) Mouse monoclonal anti-GAP-43 IgG was from Boehringer Mannheim. Rabbit anti-rat G o peptide antibodies (purified IgG) and peptide (residues 105-124) were from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-␤-galactosidase antibodies (purified IgG) were from Cappel (Durham, NC). Mouse monoclonal anti-caveolin IgG was from Transduction Laboratories (Lexington, KY). Affinity-purified rabbit anti-mouse Ig(GϩM) was from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Rabbit anti-placental alkaline phosphatase (purified IgG) was from Dakopatts (Carpinteria, CA). Rabbit anti-VSV G, raised against heat-killed vesicular stomatitis virus (whole serum), was the gift of J. Rose (Yale University, New Haven, CT). Dichlorotriazinylaminofluorescein-conjugated goat anti-mouse Ig(GϩM) was from Jackson ImmunoResearch Laboratories, Inc. Nerve growth factor (NGF-␤) purified from mouse submaxillary glands was the gift of S. Halegoua (State University of New York, Stony Brook, NY). Benchmark prestained molecular weight markers were from Life Technologies, Inc. n-Octyl ␤-D-glucopyranoside (octyl glucoside) was from Jersey Lab and Glove Supply (Livingston, NJ). Pansorbin, a suspension of heat-killed Staphylococcus aureus cells, was from Calbiochem. Poly-Llysine and other chemicals were from Sigma.
Cell Culture-PC12 cells (35) , the gift of S. Halegoua, were grown as described (36) . Where indicated, differentiation was induced by treatment with 60 ng/ml NGF for 6 days. COS-1 cells were grown in Dulbecco's modified Eagle's medium containing 5% iron-supplemented calf serum.
Plasmids-Plasmids encoding wild-type GAP-43, NM f -␤-gal, NM 2G -␤-gal, NM 20 -␤-gal, L3, and L4 in the pCDM8 expression vector constructed by Liu et al. (14, 16) were the gifts of D. Storm (University of Washington, Seattle, WA) and were grown in Escherichia coli MC1061 cells. A cDNA encoding VSVG (Indiana serotype) has been described (37) . pBC12-PLAP-HA, expressing the PLAP-HA hybrid protein, has been described (30) .
Transfection, Cell Fractionation, and Detergent Extraction-Cells were transfected by the DEAE-dextran method (38) . Except where indicated, 0.4 ϫ 10 6 COS-1 cells seeded in one 60-mm dish were transfected with 5-15 g of plasmid. PC12 cells in one confluent 100-mm dish or transfected COS-1 cells expressing GAP-43 or mutant or hybrid GAP-43 proteins (in one 60-mm dish) were rinsed twice with ice-cold phosphate-buffered saline (PBS; 150 mM NaCl and 20 mM sodium phosphate buffer, pH 7.4), scraped from the dish in the same buffer, and pelleted by centrifugation at 1000 ϫ g for 5 min. Cell pellets were washed once with ice-cold homogenization buffer (10 mM Hepes, pH 6.8, and 5 mM EDTA), resuspended in 1 ml of homogenization buffer containing a protease inhibitor mixture (PIC; 0.5 mg/ml leupeptin, 0.7 mg/ml pepstatin, and 0.2 mM phenylmethylsulfonyl fluoride), and passed 30 times through a 22-gauge needle. Homogenates were subjected to centrifugation at 200 ϫ g at room temperature for 10 min. Pellets were resuspended in 1 ml of fresh homogenization buffer and subjected to centrifugation under the same conditions. Supernatants were pooled and subjected to centrifugation at 200,000 ϫ g for 1 h at 4°C in a Sorvall RC M120 ultracentrifuge. The supernatant (cytosol) was removed and reserved. Pellets (light membranes) were resuspended by 10 passes through a 22-gauge needle in 2 ml of TNE/PIC (25 mM Tris-Cl, pH 7.5, 150 mM NaCl, and 5 mM EDTA; ice-cold except where indicated), with or without detergent as appropriate; incubated for 20 min (on ice except where indicated); and subjected to ultracentrifugation for 1 h at 200,000 ϫ g at 4°C. Except where indicated, pellets were resuspended in 2 ml of detergent solution (6.25 mM EDTA, 50 mM Tris, pH 8, 0.4% deoxycholate, and 1% Triton X-100)/PIC. 200 l of 10ϫ detergent solution was added to supernatants and reserved cytosolic fractions. Trichloroacetic acid was added to each sample to 10% to precipitate proteins, which were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and Western blotting and detected by enhanced chemiluminescence as described (24) . Equal fractions of the cytosol, final pellet, and membrane wash or detergent-soluble supernatant fractions (usually 10 -15% of the total) were loaded on the gels.
COS-1 cells expressing transmembrane proteins (VSVG or PLAP-HA) were lysed directly in 2 ml of ice-cold TNE/PIC/Triton X-100. (Preliminary experiments showed that these proteins were completely membrane-associated, as expected.) Lysates were subjected to ultracentrifugation; supernatant and pellet fractions were processed; and proteins were analyzed as described above for the GAP-43 proteins.
Isolation of DRMs from Sucrose Gradients-Where indicated, proteins were labeled to steady state with [ 35 S]methionine as described (20) . DRMs were isolated from cell lysates after lysis in TNE/PIC containing 1% Triton X-100 and 0.1 M sodium carbonate, pH 11, by sucrose gradient ultracentrifugation as described (39) . After harvesting DRMs from sucrose gradients and collecting by centrifugation (39), DRMs were solubilized by resuspension in TNE/PIC/Triton X-100 and warming to 37°C (28) . Proteins were subjected to immunoprecipitation or were collected by precipitation in trichloroacetic acid and then analyzed by SDS-PAGE and fluorography (28) or Western blotting (24) . For immunoprecipitation, solubilized DRMs were precleared with Pansorbin for 1 h at 4°C before incubating overnight at 4°C with anti-GAP-43 or anti-caveolin (control) antibodies. Pansorbin, previously coated with rabbit anti-mouse Ig(GϩM), was added, and immune complexes were recovered and washed by centrifugation in a microcentrifuge and eluted with Laemmli gel sample buffer. Where indicated, protein concentration was determined using a Detergent Compatible assay kit (Bio-Rad). Scanning densitometry was performed within the linear range of preflashed x-ray film with a Bio-Rad GS-670 imaging densitometer.
Immunofluorescence-PC12 cells seeded at low density on poly-Llysine-coated coverslips were grown for 6 days with or without NGF. Where indicated, cells were then extracted for 30 min at 4°C with PBS containing 1 mM MgCl 2 and 0.1% Triton X-100. All cells were then fixed for 2 h with 3% paraformaldehyde; rinsed; permeabilized with PBS containing 1 mM MgCl 2 and 0.5% Triton X-100; and blocked overnight with PBS containing 3% bovine serum albumin, 10 mM glycine, and 5% nonfat dry milk. Cells were then incubated with 5 g/ml anti-GAP-43 or anti-␤-galactosidase (control) antibodies and then with dichlorotriazinylaminofluorescein-conjugated goat anti-mouse IgG. (In preliminary experiments, similar background fluorescence was observed with several irrelevant mouse and rabbit antibodies. Anti-␤-galactosidase was judged least likely to cross-react with an endogenous antigen.) PBS in all incubations and washes except the final washes contained 5% nonfat dry milk. Cells were visualized using a Zeiss Axioskop epifluorescence microscope.
RESULTS
As a prelude to examining the association of GAP-43 with DRMs, we determined whether DRMs can be isolated from PC12 cells, which express GAP-43 endogenously. Cells were incubated with [ 35 S]methionine to label proteins to steady state and then extracted with ice-cold buffer containing 1% Triton X-100 and 0.1 M sodium carbonate at pH 11. We have found that detergent extraction in the presence of alkaline carbonate can increase the yield of DRMs, probably by reducing binding to high density Triton X-100-insoluble material that pellets during sucrose gradient centrifugation (28) . A floating DRM band observed in the sucrose gradient was harvested, solubilized, and subjected to SDS-PAGE and fluorography to reveal a simple protein profile (Fig. 1, lane 1) . DRMs with a similar protein profile could also be isolated from PC12 cells after differentiation with NGF (data not shown).
GAP-43 is enriched in DRMs isolated from rat brain (40) . To determine whether GAP-43 is present in PC12 cell DRMs, solubilized DRMs were incubated with anti-GAP-43 ( Fig. 1 , lane 2) or control anti-caveolin (lane 3) antibodies and processed for immunoprecipitation. GAP-43 could be specifically immunoprecipitated from DRMs ( Fig. 1, arrow) . (The apparently anomalous migration of the protein was also often observed by Western blotting.)
We next wanted to determine how much GAP-43 is in DRMs. However, GAP-43 exists in both membrane-associated and cytosolic pools in brain (41, 42) and transfected fibroblasts (14) . Thus, we determined the fraction of membrane-associated GAP-43 that is in DRMs. In later experiments, this parameter will allow a more meaningful comparison between DRM asso-ciation of GAP-43 and of mutants that bind membranes weakly. We found that 88 Ϯ 3% (n ϭ 3) of PC12 cell GAP-43 could be pelleted from cell homogenates by ultracentrifugation, showing that it was membrane-associated ( Fig. 2A) . (In this and later experiments, we compared the amount of protein in the cytosol and membranes isolated from a post-nuclear supernatant. Some of the plasma membrane was probably lost during low speed centrifugation to remove nuclei. Thus, the degree of membrane association reported is likely to be an underestimate.) To ensure that membrane association was stable to ultracentrifugation, the membrane pellet was resuspended in fresh buffer and repelleted. Western blotting of the supernatant and pellet fractions showed that very little of the membrane-associated GAP-43 was released ( Fig. 2A, lane W) . This shows that any GAP-43 found in the supernatant fraction after detergent extraction in later experiments was released from membranes by detergent solubilization.
We then subjected membrane-bound GAP-43 to detergent extraction to measure DRM association. Membranes were isolated from a post-nuclear supernatant of PC12 cell homogenates as described for Fig. 2 , extracted with Triton X-100 on ice, and subjected to ultracentrifugation. GAP-43 in the detergentsoluble supernatant and detergent-insoluble pellet fractions was detected by Western blotting and densitometry. About 10% of GAP-43 associated with DRMs after extraction of membranes with 1% Triton X-100 (Fig. 3, closed circles) . More GAP-43 associated with DRMs when the membranes were extracted with a lower concentration of detergent. Although only a modest fraction of the protein was present in DRMs, GAP-43 was enriched in DRMs compared with whole membranes, as shown by comparing the amount of GAP-43 in DRMs, whole light membranes, and whole cell lysate that each contained 10 g of protein (Fig. 3, inset) .
We assumed in these experiments that all the pelletable GAP-43 was present in DRMs. Alternatively, however, Triton X-100 insolubility might result from association of GAP-43 with the cytoskeleton or other insoluble protein complexes. A diagnostic property of DRM association is that after brief ex- Fig. 2 were subjected to extraction with TNE containing the indicated concentrations of Triton X-100. COS-1 cells expressing VSVG or PLAP-HA were lysed in buffer containing Triton X-100, and Triton X-100-soluble and Triton X-100-insoluble fractions were separated by centrifugation. All proteins were analyzed by SDS-PAGE and Western blotting as described for Fig. 2 , and the percent insoluble (Triton X-100-insoluble/ soluble ϩ insoluble) was determined by densitometric scanning. Error bars indicate S.D. Inset, PC12 whole cell lysate (WCL), membranes (WCM), or sucrose-gradient isolated DRMs (DRM), each containing 10 g of protein, were subjected to SDS-PAGE without trichloroacetic acid precipitation and transferred to nitrocellulose. GAP-43 was detected by Western blotting. traction with Triton X-100 at 37°C or with ice-cold octyl glucoside, DRM proteins are solubilized to the extent that they can no longer be pelleted by ultracentrifugation under conditions sufficient to pellet membranes (28, 43) . GAP-43 remained in the supernatant under both of these conditions (Fig. 4A) . It is unlikely that aggregation or cytoskeletal binding would be disrupted by both of these mild treatments. Thus, detergent insolubility of GAP-43 probably results from association with DRMs.
In the next series of experiments, we expressed GAP-43 and several mutant forms of the protein in COS-1 cells to examine the sequence requirements for association of GAP-43 with DRMs. In two point mutants of GAP-43 (L3 and L4), Cys-3 and Cys-4, respectively, were changed to Leu (14, 16) . NM f -␤-gal and NM 20 -␤-gal are hybrid proteins containing GAP-43 and the N-terminal 20 amino acids of GAP-43, respectively, linked to ␤-galactosidase (Table I) (16) . Further characterization of NM 20 -␤-gal showed that residues 11-20 of GAP-43 are duplicated.
2 NM 2G -␤-gal is the same as NM f -␤-gal, except that both Cys-3 and Cys-4 are replaced with Gly. All of these proteins except NM 2G -␤-gal are at least partially membrane-associated, as reported earlier (14, 16) and confirmed in our hands (Fig. 2  (B-D) and Table I ). As the L3 and L4 mutants each contain only one palmitate chain, we verified that membrane association of these proteins and of wild-type GAP-43 was stable to ultracentrifugation by showing that only a small amount of each protein was released by a wash (Fig. 2, B-D, lanes W) .
We next determined whether GAP-43 and the mutant proteins could be detected in DRMs prepared by flotation on sucrose gradients. Transfected COS-1 cells were lysed in buffer containing 1% Triton X-100 on ice. A small fraction of the lysate was reserved as an expression control, and DRMs were prepared from the remainder. Proteins in the lysate and DRMs were analyzed by SDS-PAGE and Western blotting, probing for GAP-43 or ␤-galactosidase as shown in Fig. 5 . As in PC12 cells, wild-type GAP-43 was present in DRMs. NM f -␤-gal and NM 20 -␤-gal also associated with DRMs, although NM 2G -␤-gal did not. This showed that information required for DRM association is located in the first 20 amino acids of GAP-43. L3 and L4 were not detected in DRMs, showing that both palmitoylated Cys residues are required for DRM association.
Our next goal was to determine how much of the membranebound pools of GAP-43 and the mutant proteins was in DRMs.
Light membranes isolated from homogenates of transfected COS-1 cells were extracted with varying concentrations of Triton X-100, and insoluble material was recovered by pelleting. (As was true in PC12 cells, detergent-insoluble, pelletable GAP-43 in COS-1 cells could be solubilized by Triton X-100 at 37°C or by octyl glucoside on ice, suggesting that it is in DRMs (Fig. 4B) .) About the same fraction of membrane-associated GAP-43 was Triton X-100-insoluble in COS-1 cells as in PC12 cells (Fig. 3, open circles) . L3 and L4 were much more fully solubilized, and insolubility was not detected at Triton X-100 concentrations above 0.2% (Fig. 3) .
To ensure that the low concentrations of Triton X-100 used in this experiment were sufficient to solubilize proteins that do not associate specifically with DRMs, we also examined detergent insolubility of two transmembrane proteins. VSV G is the glycoprotein of vesicular stomatitis virus, and PLAP-HA is a hybrid protein containing the extracellular domain of the GPIanchored protein placental alkaline phosphatase linked to the transmembrane and cytoplasmic domains of influenza hemagglutinin (30) . We have previously shown that both of these proteins are fully solubilized by 1% Triton X-100 (30, 44) . As shown in Fig. 3 , the detergent solubility of these proteins was similar to that of L3 and L4, and both were solubilized much more completely than GAP-43 at all Triton X-100 concentrations. These results show that GAP-43 is specifically enriched in DRMs and that both palmitoylated Cys residues are required for this targeting.
Surprisingly, NM 20 -␤-gal associated much more efficiently with DRMs than GAP-43 (Fig. 6) . Post-nuclear supernatants of COS-1 cells transfected separately with the two proteins were pooled and subjected to ultracentrifugation. Membrane pellets were extracted with TNE containing 0.1 or 1% Triton X-100 as indicated on ice and subjected to ultracentrifugation. Samples of Triton X-100-soluble (lanes S) and Triton X-100-insoluble pellet (lanes P) fractions of the extracted membranes were prepared for and analyzed by SDS-PAGE and Western blotting, probing with a mixture of GAP-43 and ␤-galactosidase antibodies (Fig. 6 ). Although only a modest fraction of GAP-43 was in the pellet, 80 Ϯ 19% of membrane-associated NM 20 -␤-gal was present in DRMs after extraction with 1% Triton X-100 (n ϭ 7). (DRM association of NM f -␤-gal was variable and difficult to quantitate due to susceptibility to proteolysis. Both NM f -␤-gal and NM 20 -␤-gal were mostly solubilized by octyl glucoside and by Triton X-100 at 37°C, suggesting that association with DRMs was specific (data not shown).) 2 L. Baker and D. R. Storm, personal communication.
FIG. 4. Detergent-insoluble GAP-43 is in DRMs.
Membranes and cytosol were prepared from PC12 cells (A) or COS-1 cells (B) as described for Fig. 2 . Membranes were extracted with buffer containing 0.25% (A) or 0.025% (B) Triton X-100 (TX-100) on ice or at 37°C or with 60 mM octyl glucoside (OG) on ice. After centrifugation of the lysates and processing as described for Fig. 2 , GAP-43 in the cytosol (lanes C), detergent-insoluble pellet (lanes P), or detergent-soluble supernatant (lanes S) was visualized by Western blotting and ECL.
GAP-43 has been reported to interact with G o in vitro (6) . As G proteins are often found in DRMs (27, 45) , targeting of both GAP-43 and G o to DRMs could facilitate their interaction and aid in signal transduction. For this reason, we next determined whether G o was also present in DRMs in PC12 cells. G o in cytosolic, Triton X-100-soluble, and Triton X-100-insoluble membrane fractions prepared from PC12 cells as in Figs. 3 and 4 was examined by Western blotting. The G o -specific antibody detected three bands. All three competed with the peptide used to generate the antibody (Fig. 7A) , suggesting that all were specific. The fastest migrating band was present only in the cytosol and may be a proteolytic fragment lacking sequences required for membrane association. The other two bands probably correspond to previously described splice variants (46, 47) . PC12 cells express both forms of the protein (48) , and the peptide used to generate the antibody is present in both forms. The insoluble fractions (with S.D.) of the two membrane-associated bands together after extraction in varying concentrations of Triton X-100 on ice were as follows: 0.25% Triton X-100, 68.8 Ϯ 29% insoluble (n ϭ 3); 0.5% Triton X-100, 39.5 Ϯ 7% insoluble (n ϭ 3); 1% Triton X-100, 32.5% insoluble (n ϭ 1); and 2% Triton X-100, 16.3 Ϯ 8% insoluble (n ϭ 2). Extraction of membranes with Triton X-100 at 37°C or with octyl glucoside solubilized essentially all of the upper band and a large fraction of the lower band (Fig. 7B) . Although some protein in the lower band may be aggregated or associate with the cytoskeleton, we conclude that G o is enriched in DRMs in PC12 cells.
Detergent-insoluble plasma membrane remnants containing GPI-anchored proteins can be visualized when cells on coverslips are extracted with Triton X-100 on ice in situ (49) . If detergent-insoluble GAP-43 exists in specialized plasma membrane domains, it should be detected in the detergent-insoluble plasma membrane. GAP-43 was visualized by indirect immunofluorescence in differentiated or undifferentiated PC12 cells before or after extraction with 0.1% Triton X-100. As seen by others (12, 50) , GAP-43 visualized by immunofluorescence was prominent in the plasma membrane of both differentiated and undifferentiated cells that were fixed before permeabilization (Fig. 8, A and B) and was present in both the cell body and 
FIG. 7. PC12 cell G o in DRMs.
A, the cytosol (lanes C) and washed light membranes (lanes M) were isolated from a post-nuclear supernatant of PC12 cells and analyzed by SDS-PAGE and Western blotting as described for Fig. 2 with (ϩ Peptide) or without (Ϫ Peptide) preincubation of anti-G o antibodies (0.2 g/ml) with 0.8 g/ml peptide for 1 h before use. B, G o in cytosolic (lanes C), detergent-insoluble pellet (lanes P), and detergent-soluble supernatant (lanes S) fractions was detected by Western blotting after extraction of membranes with 0.25% Triton X-100 (TX-100) on ice or at 37°C or with 60 mM octyl glucoside (OG) on ice and processing and analysis as described for Fig. 2. neurites after differentiation (Fig. 8B). (Golgi staining was difficult to detect in our samples, possible because of masking by the high level of plasma membrane staining, but could be detected in COS-1 cells at early times after transfection (data not shown).) GAP-43 was also detected in the detergent-insoluble plasma membrane after extraction of both undifferentiated and differentiated cells (Fig. 8, D and E) . In differentiated cells, GAP-43 was detected in both cell body and neurite membrane remnants. In Fig. 8 , much more insoluble GAP-43 appeared to be present in differentiated than undifferentiated cells, probably reflecting the fact that GAP-43 is induced during differentiation (50) . Western blotting studies showed that the fraction of cellular GAP-43 in DRMs did not change significantly after differentiation (data not shown). DISCUSSION We have defined a new signal for DRM targeting by showing that a dipalmitoylated Cys motif can target GAP-43 and NM 20 -␤-gal to DRMs. Like other known signals (GPI anchors and tandem myristate and palmitate chains), tandem palmitate chains are likely to partition preferentially into the ordered lipid environment present in DRMs.
Several studies have suggested that DRMs may exist in cell membranes as specialized membrane subdomains or rafts (21,  25, 26, 51) . Thus, the enrichment of GAP-43 in DRMs suggests that the protein may associate with rafts in vivo. In addition to serving as a membrane anchor, then, tandem palmitate chains may increase the affinity of proteins for specialized membrane domains. Several experiments suggested that detergent-insoluble GAP-43 associated specifically with DRMs and was not simply aggregated. First, it could be solubilized by octyl glucoside or by Triton X-100 at 37°C. In addition, examination by immunofluorescence microscopy showed that detergent-resistant GAP-43 was restricted to plasma membrane remnants. If the protein were aggregated, it would be expected to adhere nonspecifically to detergent-resistant cellular material throughout the cell instead. GAP-43 appeared much more punctate in cells that were extracted with detergent before fixation (Fig. 8) . We do not know whether this was an accurate visualization of the localization of detergent-resistant GAP-43 or whether antibodies or detergent caused an artifactual redistribution of protein, as has been reported for GPI-anchored proteins (49, 52) .
The idea that GAP-43 associates with rafts may seem surprising because rafts have often been thought to be restricted to the extracellular leaflet of the bilayer. This is because glycosphingolipids, which were originally thought to be essential for raft integrity through formation of intermolecular hydrogen bonds, are highly concentrated in this leaflet (53, 54) . However, further studies showed that acyl chain order, rather than hydrogen binding ability, determines whether lipids will associ- ate with DRMs (22, 24) . In fact, DRMs can be isolated from mutant melanoma cells that do not contain glycosphingolipids. 3 The fact that glycosphingolipids are not absolutely required for DRM formation opens up the possibility that rafts may also exist in the cytoplasmic leaflet of the bilayer. It is still true, however, that the unusually high T m of sphingolipids makes them very important in forming DRMs in model membranes containing mixtures of biological lipids (22) (23) (24) and cells (55, 56) . As expected, DRMs isolated from glycosphingolipidnegative cells are rich in sphingomyelin. 3 . Although recent studies have suggested that a pool of sphingomyelin may exist in contact with the cytoplasm, it is generally thought to be concentrated in the extracellular bilayer leaflet (57) .
Because of the apparent scarcity of high T m lipids in the cytoplasmic bilayer leaflet, it is not clear whether or how rafts form there. However, two observations support the existence of these rafts. First, DRMs have a bilayer appearance by electron microscopy (20) . Second, the acyl chains of several proteins (Src family kinases, G protein ␣ subunits, and GAP-43) have access only to the cytoplasmic leaflet, but still target the proteins to DRMs (Refs. 27, 31, 40, and 45 and this study). Evidence for coupling between Src family kinases and other DRM-associated proteins during signal transduction in hematopoietic cells (discussed below) (21) suggests that association of these proteins with DRMs is physiologically relevant.
How might cytoplasmic leaflet rafts form? Palmitoyloleoylphosphatidylcholine, one of the most abundant biological phospholipids, may form a liquid ordered-like phase with cholesterol under some circumstances in model membranes (58) . It is possible that the unusually long acyl chains present on sphingolipids may penetrate into the cytoplasmic leaflet, somehow stabilizing rafts there (59) . The potential importance of cytoplasmic leaflet rafts in signal transduction through Src family kinases, G proteins, and GAP-43 highlights the importance of a better understanding of their structure.
At least two functions for targeting of GAP-43 to rafts can be imagined. First, association with rafts in the TGN may target GAP-43 to vesicles destined for axonal nerve terminals. Several studies have suggested that proteins destined for transport to the axonal membrane may be targeted to glycolipid-rich rafts in the non-cytoplasmic leaflet of the TGN (56, 60) . If rafts form in the cytoplasmic bilayer leaflet, they may also be packaged preferentially into axonally targeted vesicles. It is interesting to note in this regard that several peripheral proteins of the nerve terminal are palmitoylated, suggesting a general role for this modification in targeting (19, 61) . Most of these proteins, including SNAP-25 (62), GAD-65 (63) , and SCG10 (64) as well as GAP-43, are palmitoylated on two or more closely spaced Cys residues, suggesting that they may be targeted to rafts. Thus, association with rafts in the cytoplasmic leaflet of the TGN may be a general targeting mechanism.
A second possible function for targeting of GAP-43 to rafts may be to facilitate coupling to G o in growth cones. GAP-43 has been reported to modulate the activity of G o in vitro, suggesting a possible in vivo interaction as well (6) . We have shown that both proteins are enriched in PC12 cell DRMs. Thus, targeting to the same rafts in vivo may aid in signaling, either by concentrating the proteins in the membrane or through a direct effect of the physical properties of rafts on protein activity. NM 20 -␤-gal associated much more efficiently with DRMs than GAP-43, showing that dual palmitoylation can act as a strong DRM targeting signal. This result also showed that dual palmitoylation does not act completely autonomously in DRM targeting. Instead, both the dual acylation motif and information in the protein sequence may contribute to the overall affinity of the lipid-linked protein for DRMs. Such an effect has been observed previously for DRM targeting of other proteins. As one example, various GPI-anchored proteins associated differentially with DRMs isolated from kidney microvillar membranes with 1% Triton X-100 (34) . In this study, almost 90% of alkaline phosphatase and renal dipeptidase was targeted to DRMs, whereas only about half of trehalase, another GPIanchored protein, was in DRMs. As another example, targeting of a transmembrane protein, influenza hemagglutinin, to DRMs requires both acylation 4 and information in the membrane-spanning domain (65) . In all these cases, then, targeting of proteins to DRMs by lipid-based signals is modulated by information in the protein sequence. Alternatively, high DRM association of NM 20 -␤-gal may result from oligomerization, as native ␤-galactosidase is tetrameric. If NM 20 -␤-gal is also tetrameric, each molecule would contain eight palmitate chains. Multiple palmitoylation might enhance DRM association.
The physiological relevance of raft association of GAP-43, given the small fraction of the protein in DRMs, is an important outstanding question. It is important to distinguish between association of the protein with rafts in intact membrane in vivo (a parameter that is not possible to measure with current technology) and DRM association in vitro. This is because detergent insolubility is an imperfect measure of membrane order. We have shown, for instance, that lipids in the liquidordered phase in model membranes can be partially solubilized by Triton X-100 (24) . Thus, GAP-43 is likely to associate more efficiently with rafts in membranes than with DRMs after detergent extraction. The finding that the amount of GAP-43 in DRMs varied significantly with the detergent concentration supports the idea that DRM association is not a quantitative measure of raft association. We conclude that the presence of proteins in DRMs is a useful indication, but not a quantitative measure, of preferential raft association. Measuring the DRM association of palmitoylated proteins is further complicated by the fact that palmitoylation is a dynamic modification, and proteins may become partially depalmitoylated during sample preparation.
Observations in hematopoietic cells provide a precedent for the functional importance of interactions between different DRM proteins in signal transduction. First, antibody-mediated cross-linking of GPI-anchored proteins in T cells and other hematopoietic cells stimulates Src family kinases, leading to cell activation (21, 66) . Both of these proteins can be isolated from cell lysates in the same DRMs. The fact that this signaling is inhibited by cholesterol depletion (67) suggests a role for rafts. In addition, the T cell adaptor protein LAT (68) must be targeted to DRMs by dual palmitoylation in order to participate in signaling (69) . As another example, binding of immune complexes to the cell-surface IgE receptor on basophils leads to receptor aggregation (70). This aggregation activates the Src family kinase Lyn, leading to degranulation. The receptor is recruited into DRMs after aggregation (71) . Strikingly, the DRM-associated pool of the receptor is preferentially phosphorylated by Lyn, which is constitutively enriched in DRMs (71) .
The IgE receptor also provides a precedent for a protein that appears to associate with rafts in a physiological manner, but that is not completely detergent-insoluble. Two morphological studies strongly suggest that the IgE receptor is present in rafts, at least after it is clustered. Receptor clusters co-localized with clusters of an order-preferring fluorescent lipid probe, diI (72) , or with clusters of the ganglioside GM1 (73) . Together with the functional studies described above, these experiments provide good evidence that receptor clusters are present in rafts and suggest that this association is physiologically meaningful. However, detergent insolubility of the receptor can only be detected at low detergent concentrations (71) .
We have shown that tandem palmitoylated Cys residues can target GAP-43 to DRMs. Further work will be required to define the role of this targeting in the function of GAP-43 in the nerve terminal.
